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Introduction {#s0001}
============

The relationship between the unpleasant sensation of nausea and thermoregulation has until recently been largely overlooked.^[@cit0001]^ Studies of motion sickness revealed that the response integrates physiological (cutaneous vasodilatation, regional sweating, reduction of basal metabolic rate), cognitive (altered perception of ambient temperature) and behavioral (preference for a cooler environment) components (for review, see Ref [@cit0001]). Of note, in rodents hypothermia develops during toxic insults produced by substances (e.g. bacterial toxins, toxic heavy metals, organophosphates etc.) which elicit nausea in humans.^[@cit0002]^ In view of this relationship we previously investigated whether thermoregulation-related symptoms could be used to identify and quantify "nausea-like" states in real-time in experimental animals.^[@cit0003]^ Current methods for assessing the presence of "nausea-like" states (assuming they occur) in animals rely on behavioral indices with relatively low temporal resolution (e.g., pica^[@cit0005]^), which require training paradigms (e.g. conditioned taste aversion (CTA),^[@cit0006]^ conditioned gaping or retching^[@cit0007]^) or utilize complex analysis of behavioral clusters.^[@cit0009]^ Although plasma vasopressin is considered a biomarker of nausea in humans and animal species with an emetic reflex (for review, see Ref. [@cit0010]), in rodents lacking an emetic reflex^[@cit0011]^ it is oxytocin that increases in response to emetic stimuli.^[@cit0012]^ However, measurement of neither plasma vasopressin nor oxytocin with high temporal resolution is possible in rodents, precluding it from being a potential real-time marker of a "nausea-like" state.

If thermoregulatory disturbances indeed reflect a "nausea-like" state in animals, the changes would be predicted to occur prior to, or coincident with, the onset of emesis (retching or vomiting) in species with an emetic reflex (e.g., *Suncus murinus*, house musk shrew) and should be sensitive to the effects of anti-emetic drugs with demonstrated efficacy in emetic species and in species lacking an emetic reflex (e.g. rats) using indices of emetic pathway activation such as pica or CTA. Indeed, we found that in house musk shrews provocative motion caused tail vasodilation and reduced temperature in the interscapular region (reflecting reduced thermogenesis in the brown adipose tissue); this happened prior to the onset of emetic episodes.^[@cit0003]^

The initial aim of this study was to characterize the temporal pattern of the thermoregulatory effects of provocative motion and lithium chloride in rats; these stimuli have been shown to induce pica^[@cit0013]^ or CTA^[@cit0016]^ in the rat. Both motion and lithium chloride can induce retching and vomiting in species with an emetic reflex.^[@cit0018]^ In contrast to anti-cancer cytotoxic drugs (e.g., cisplatin), both stimuli can potentially be re-tested in the same animal reducing the use of animals and enabling a counter-balanced design in pharmacological studies. Having characterized the hypothermic response to motion and lithium chloride, we hypothesized that as motion and lithium chloride induce their effects by different pathways (vestibular system^[@cit0021]^ *vs*. area postrema/abdominal visceral afferents,^[@cit0023]^ with differing pharmacology, the hypothermic effects should reflect these differences when investigated using agents with well-defined anti-emetic effects. Based on the pharmacological profile in emesis studies, we anticipated that: i) ondansetron (a 5-hydroxytryptamine~3~ \[5-HT~3~\] receptor antagonist^[@cit0010]^) would prevent or reduce the hypothermia elicited by LiCl as in the rat the unconditioned "lying-on belly" response to lithium chloride (i.p.) was reduced by ondansetron^[@cit0027]^ but it would have little or no effect on motion-induced hypothermia as it has no effect against motion-induced pica in rats^[@cit0028]^ or motion sickness in humans^[@cit0029]^; ii) promethazine (a histamine~1~ \[H~1~\] receptor antagonist with significant muscarinic antagonist properties^[@cit0021]^ would have the opposite effects as this class of agent has demonstrated efficacy against motion sickness in humans^[@cit0021]^ and motion-induced pica in rats.^[@cit0014]^

Material and Methods {#s0002}
====================

Animals and surgery {#s0002-0001}
-------------------

Experiments were conducted in adult male Wistar rats weighing 250 -- 300 g, obtained from the Federal University of Paraiba Animal House. Experimental protocols were approved by the Animal Ethics Committee of the Federal University of Paraiba (CEUA \# 305/2013). Animals were kept in a temperature-controlled room at 21-22°C, with 12/12h light/dark cycle (lights on at 7 am). Food (standard rat pellets) and water were supplied *ad libitum.* At least one week before the onset of the experiments, rats were anesthetized (Isoflurane 2% in 100% O~2~) and miniature programmable temperature data loggers (Thermochron TC, OnSolution Sydney Australia) were implanted intraperitoneally through a small midline incision in the abdominal wall. The surgical technique and validation of the method in rats have been published previously.^[@cit0034]^ Immediately after surgery, rats were given a single dose of antibiotic - Baytril (Enrofloxacin, 5 mg/kg s.c.) and analgesic - Rimadyl (Carprofen, 5 mg/kg s.c.). The animals were housed individually during the recovery period of 8-10 days; during this time they ate and drank normally, and their body weight increased. At the end of the study, animals were euthanized with an overdose of anesthetic (Lethabarb, 1 ml/kg, i.p.).

Experimental protocol {#s0002-0002}
---------------------

*Experiment 1:* This experiment determined the dose of LiCl for the subsequent experiments. In two groups of rats (n = 6 each) LiCl was administered i.p. at either 63 or 126 mg/kg as 0.15 M solution in distilled water, based upon doses in the literature 8; control data (isotonic saline injection, 0.6 ml, i.p.) were taken from Experiment. 3. Throughout the experiment animals remained in their home cages.

*Experiment 2:* To determine whether a counterbalanced design could be employed in subsequent experiments, we tested whether either LiCl^−^or rotation-induced hypothermic responses habituated. For this purpose, in one group of rats (n = 6) we administered saline (0.6 ml, i.p.) followed by LiCl (63 mg/kg i.p.) 30 minutes later; the same procedure was repeated one week later. Another group or rats (n = 5) were subjected to 3 × 40-min sessions of rotation (48 h apart) on a turntable (0.75 Hz) in their home cages. This provocation reliably caused hypothermic responses and reduced food consumption in our previous studies 3, 4.

*Experiment 3:* This experiment determined whether ondansetron alone (2 mg/kg i.p.) or promethazine alone (50, 20 and 10 mg/kg i.p.) affected core body temperature; this was compared to saline (0.6ml, i.p.). In one group of rats (n = 6) either the drugs or vehicle were administered 3 days apart in a rotational design. Comparisons were made for drug effects at 70 and 110 min post-injection as these time points corresponded to the nadir of the hypothermic response after rotation- and LiCl respectively.

*Experiment 4:* This experiment determined whether either ondansetron (2 mg/kg i.p.) or promethazine (10mg/kg i.p.) affected LiCl^−^induced hypothermia. In three groups of rats (n = 6 each) LiCl injection was preceded by saline (group 1), ondansetron (group 2) or promethazine (group 3); treatments preceded LiCl by 30 min.

*Experiment 5:* The purpose of this experiment was to determine whether either ondansetron (2 mg/kg i.p.) or promethazine (10 mg/kg i.p.) pretreatment affected motion-induced hypothermia. One group of rats (n = 6) was tested 3 times, 72 h apart. In a rotational design, animals were pre-treated with saline (0.6 ml, i.p.), ondansetron (2 mg/kg, i.p.) or promethazine (10 mg/kg, i.p.).

Drugs {#s0002-0003}
-----

Lithium chloride hydrate, promethazine hydrochloride and ondansetron hydrochloride were from Sigma (USA). The drugs were dissolved either in distilled water (LiCl) or in isotonic sodium chloride (saline) that was also used for control injections. Since solution of LiCl and corresponding vehicle were injected in the volume of 10 ml/kg, both they were warmed to 36°C prior to injections.

Data collection and analysis {#s0002-0004}
----------------------------

All experiments were conducted in the morning, between 9 am and noon. Data loggers were programmed to start acquisition one week after implantation. Sampling rate was set at one data point every 3 min. For all experiments, baseline measurements were taken from 10 min before the first injection. Baseline values for the core body temperature were compared to maximal changes induced by a drug, by rotation or by combination of both. In addition, using IGOR Pro software (WaveMetrics, Lake Oswego, USA), we determined the maximal slope of temperature fall (in °C/min), the minimal time during which temperature fall reached a value exceeding 3 standard deviations was computed from the baseline period and the time to the nadir of temperature fall. Statistical significance was determined by one-way ANOVA followed by Dunnett\'s Multiple Comparison *post-hoc* test, with significance level set at *P* \< 0.05.

Results {#s0003}
=======

Selecting the minimal hypothermic dose of LiCl {#s0003-0001}
----------------------------------------------

Baseline values for core body temperature for the 2 groups of rats that received LiCl were 37.5 ± 0.2°C and 37.3 ± 0.12°C, and did not differ from that for saline (37.3 ± 0.1°C; F = 0.8, p\>0.05). In animals that were habituated to injections, administration of saline had minimal effects on body temperature ([**Fig. 1**](#f0001){ref-type="fig"}). In contrast, a few minutes after LiCl injection, body temperature started to fall, reached a nadir approximately one hour post-injection and returned to the baseline 3-3.5 hours later ([**Fig. 1**](#f0001){ref-type="fig"}). Temperature fell by 1.9 ± 0.3°C and 2.2 ± 0.2°C after LiCl doses of 63 and 126 mg/kg, respectively, without between-group differences (p \> 0.05). We thus chose to use the smaller dose (10 mg/kg) for subsequent experiments. Figure 1.Hypothermic responses provoked by LiCl at the dose of 63 mg/kg (**A**) and 126 mg/kg (**B**) of 150 mM solution. For consistency with subsequent experiments, i.p. injection of LiCl was preceded by i.p injection of saline. Gray traces - individual recordings; black traces - averaged data from 6 rats.

Habituation of hypothermic responses {#s0003-0002}
------------------------------------

The baseline values of core body temperature in the LiCl group did not differ on day 1 (37.0 ± 0.2°C) *vs*. day 8 (39.0 ± 0.1°C, p \> 0.05). These animals were not habituated to injections, and it is most likely that for this reason vehicle (saline) caused a noticeable transient hyperthermic response on day 1. Subsequent hypothermic responses to LiCl on day 1 were similar to those observed in experiment 1, with a fall of 1.6 ± 0.3°C (measured from pre-saline baseline) or 2.8 ± 0.3°C (measured from post-saline peak). LiCl^−^induced hypothermia was substantially attenuated on day 8, being reduced by 0.4 ± 0.2°C (measured from pre-saline baseline, *P* \< 0.05) or 1.3 ± 0.2°C (measured from post-saline peak, *P* \< 0.01). Original and averaged traces are shown in [**Figure 2A**](#f0002){ref-type="fig"}. Figure 2.Habituation of LiCl^−^induced (63 mg/kg) hypothermic responses (A) and lack of habituation of rotation-induced hypothermic responses. The latter were induced by a rotation of a home cage with an animal on a turntable at 0.75 rpm. In (**A**), interval between experiments was 7 days; in (**B**) - 2 days. Gray traces - individual recordings; black traces - averaged data from 6 rats (A) or 5 rats (B). Rot. - rotations session (40 min).

In rats subjected to repetitive rotation sessions, baseline values of core body temperature did not differ between the 3 testing days, being 37.2 ± 0.2°C, 37.0 ± 0.1°C and 37.1 ± 0.2°C (p \> 0.05). The temperature started to fall within 2-3 min after the onset of the provocative motion, and kept falling until the end of the rotation, and started to recover soon after its termination. In contrast to the prominent habituation of LiCl^−^induced responses, rotation-induced hypothermic responses were similar during testing on 3 separate days (−2.3 ± 0.1°C, −2.1 ± 0.2°C and −2.2 ± 0.2°C for day 1, 3 and 5, respectively; p \> 0.05). Original and averaged traces from this experiment are shown in [**Figure 2B**](#f0002){ref-type="fig"}.

Effects of ondansetron and promethazine on the core body temperature {#s0003-0003}
--------------------------------------------------------------------

Basal values of core body temperature were 37.3 ± 0.1°C; 37.2 ± 0.1°C; 37.2 ± 0.1°C; 37.1 ± 0.1°C saline and 37.3 ± 0.2°C for saline, ondansetron 2 mg/kg (i.p.) and promethazine 50 / 20 / 10 mg/kg (i.p.) conditions, respectively, with no significant difference between them (F = 0.56, p \> 0.05). Saline and ondansetron provoked small (about 1°C) and short-lasting temperature rises ([**Fig. 3A** & B](#f0003){ref-type="fig"}), so that at the time points used for comparison (70 and 110 min post-injection), there was no difference compared to the basal values (F = 1.38, p \> 0.05 and F = 1.77, p \> 0.05 for saline and ondansetron, respectively). Promethazine at doses of 50 and 20 mg/kg (i.p.) provoked substantial (2.0-2.2°C) and prolonged (\>3h) hypothermia ([**Fig. 3C & D**](#f0003){ref-type="fig"}); consequently at 70 and 110 min post-injection core body temperature was still significantly lower compared to the baseline values (F = 13.36, *P* \< 0.01 for the dose of 50 mg/kg and F = 35.76, *P* \< 0.01 for the doses of 50 and 20 mg/kg, i.p., respectively). In contrast, hypothermia after the lowest dose (10 mg/kg) of promethazine was of small magnitude and short-duration ([**Fig. 3E**](#f0003){ref-type="fig"}), so that at 70 and 100 min post-injection body temperature did not differ significantly from the pre-injection values (F = 1.96, p\>0.05). Consequently, this lowest dose of 10 mg/kg promethazine was chosen for subsequent studies. Figure 3.Changes in abdominal temperature induces by i.p. injections of saline (**A**), ondansetron 2 mg/kg (**B**) and promethazine 50 mg/kg (**C**), 20 mg/kg (**D**) and 10 mg/kg (**E**). Dashed lines indicate injection time. Gray traces - individual recordings; black traces - averaged data.

Experiment 4: Effects of Ondansetron and Promethazine on LICl^−^induced hypothermia {#s0003-0004}
-----------------------------------------------------------------------------------

Because of prominent habituation of the hypothermic response to LiCl found in experiment 2, in this experiment each treatment was administered to a separate group of rats. Data for control (saline) group were from Exp. 1. Basal values of core body temperature were similar in these 3 groups (37.5 ± 0.1°C, 37.4 ± 0.1°C and 37.2 ± 0.2°C for saline, ondansetron and promethazine groups, respectively; p\>0.05). In the saline group, LiCl caused fall in body temperature of 1.9 ± 0.3°C ([**Fig. 4A**](#f0004){ref-type="fig"}). Pre-treatment with ondansetron completely prevented LiCl^−^induced hypothermia: at the end of rotation, core body temperature did not change (+0.2 ± 0.1°C, *P* \< 0.0001 compared to saline, [**Figs. 4B and 5A**](#f0004 f0005){ref-type="fig"}). In contrast, pre-treatment with promethazine was without effect, with a temperature fall of 2.2 ± 0.3°C (p \> 0.05) compared to saline ([**Figs. 4C and 5A**](#f0004 f0005){ref-type="fig"}). Ondansetron also substantially and significantly reduced the maximal slope of temperature fall post-LiCl ([**Fig. 5B**](#f0005){ref-type="fig"}) and substantially and significantly increased the time during which temperature fall exceeded 3 SD computed from the baseline period ([**Fig. 5C**](#f0005){ref-type="fig"}), but did not affect time to nadir of hypothermic responses ([**Fig. 5D**](#f0005){ref-type="fig"}). Promethazine did not have effect on any of these indices ([**Fig. 5**](#f0005){ref-type="fig"}). Figure 4.Ondansetron (2 mg/kg i.p.) prevents hypothermic responses provoked by i.p. administration of LiCl (63 mg/kg i.p.) whereas promethazine (10 mg/kg i.p.) has no effect. In three separate groups of rats, LiCl was preceded by saline (**A**), ondansetron (**B**) or promethazine (**C**). Gray traces - individual recordings; black traces - averaged data. Figure 5.Effects of ondansetron (2 mg/kg i.p.) and promethazine (2 mg/kg i.p.) on hypothermic responses elicited by i.p. administration of LiCl. Bar graphs represent results of statistical analysis of the raw data shown in [**Figure 4**](#f0004){ref-type="fig"}; data for comparison were selected from 75 to 85 min post-LiCl injection. (**A**) Effects on changes in the core body temperature; (**B**) effects on the maximal slope of the fall in core body temperature; (**C**) effects on the minimal time during which temperature fall reached values exceeding 3 SD computed from the baseline period; (**D**) effects on the time to the nadir of the temperature fall. White bars - control (saline, Sal); black bars - ondansetron (Onda); gray bars - promethazine (Prom). Data presented as Mean ± SEM; N = 6 for each group. \*,\*\* and \*\*\* - *P* \< 0.05, *P* \< 0.01 and *P* \< 0.005, respectively.

Effects of ondansetron and promethazine on rotation-induced hypothermia {#s0003-0005}
-----------------------------------------------------------------------

In a group of rats subjected to 3 repetitive sessions of rotation, baseline values of core body temperature did not differ between days 1, 3 and 5 (37.3 ± 0.2°C, 37.1 ± 0.1°C and 37.5 ± 0.2°C, respectively; p \> 0.05). Following pre-treatment with saline, provocative motion consistently caused hypothermic responses similar to those described above; core body temperature fell by 2.0 ± 0.2°C ([**Fig. 6A**](#f0006){ref-type="fig"}). Pre-treatment with ondansetron had no effect on motion-induced hypothermia ([**Fig. 6B**](#f0006){ref-type="fig"}, fall of 2.3 ± 0.1°C, p \> 0.05 compared to saline). Administration of promethazine (10 mg/kg, i.p.) caused a small reduction in core temperature; however data from Exp. 3 demonstrated that at the time of the maximal effect of rotation (i.e. 70 min post-promethazine, the time point that we used for comparison) the hypothermic effect of the drug was negligible. While statistical analysis revealed only a trend for reducing the magnitude of hypothermia (−1.4 ± 0.3°C, p \> 0.05 *vs*. saline [**Fig. 7A**](#f0007){ref-type="fig"}), there was substantial inter-individual variability in the effects of promethazine ([**Fig. 6C**](#f0006){ref-type="fig"}): in one rat the hypothermic response was virtually abolished, in 3 others - reduced and/or shortened (saline/promethazine: −2.1/−1.3; −1.9/−1.0; −3.0/−2.4°C), and in one - unchanged. Of note, in the animal with the response abolished, promethazine was the first treatment, and thus lack of hypothermia was not a result of habituation. Promethazine, but not ondansetron, also reduced the slope of the temperature fall during rotation ([**Fig. 7B**](#f0007){ref-type="fig"}). Neither of the 2 drugs affected the time during which temperature fall exceeded 3 SD computed from the baseline period or the time to nadir of the hypothermic responses ([**Fig. 7C and D**](#f0007){ref-type="fig"}). Figure 6.Ondansetron (2 mg/kg i.p.) has no effect on hypothermic responses induced by provocative motion whereas promethazine (10 mg/kg i.p.) tended to reduce them. Using rotational design, one group of rats (N = 6) was subjected to provocative motion preceded by saline (**A**), ondansetron (**B**) or promethazine (**C**). Gray traces - individual recordings; black traces - averaged data. Figure 7.Effects of ondansetron (2 mg/kg i.p.) and promethazine (10 mg/kg i.p.) on hypothermic responses elicited by provocative motion. Bar graphs represent results of statistical analysis of the raw data shown in [**Figure 4**](#f0004){ref-type="fig"}; data for comparison were collected from the last 5 min of rotation. (**A**) Effects on changes in the core body temperature; (**B**) effects on the maximal slope of the fall in core body temperature; (**C**) effects on the minimal time during which temperature fall reached values exceeding 3 SD computed from the baseline period; (**D**) effects on the time to the nadir of the temperature fall. White bars: control (saline, Sal); black bars: ondansetron (Onda); gray bars: promethazine (Prom). Data presented as Mean ± SEM; N = 6 \* - *P* \< 0.05.

Although we did not formally quantify animals\' behavior during provocative motion or after LiCl administration, our general observation was that following short-term (several minutes) behavioral activation either post-injection or after motion onset, rats were quiescent.

Discussion {#s0004}
==========

The principal new finding of the current study is that the commonly used anti-emetic drugs ondansetron and promethazine differentially suppressed, in a predictable way, the hypothermic responses elicited in rats by the chemical emetic agent LiCl and by provocative motion respectively. This differential pharmacological effect mirrors the anti-emetic effects of 5-HT~3~ and H~1~ receptor antagonists in humans and animal models and is consistent with the hypothesis that hypothermic responses to emetic stimuli reflect a "nausea-like" state in rodents.

Choice of provocative stimuli and drugs {#s0004-0001}
---------------------------------------

Passive motion (rotation) and LiCl were used previously in studies of "nausea-like" states in rats (for review, see Ref. [@cit0035]). Motion and LiCl induce CTA and pica (see Introduction) which are accepted indices of activation of pathways (e.g. vestibular system, area postrema, abdominal vagal afferents) implicated in the induction of nausea and/or vomiting (in species capable of reporting nausea and/or of vomiting) and "nausea-like" states in rodents. Our principal hypothesis was that if the hypothermia that accompanies provocative motion or develops following LiCl administration also reflects a "nausea-like" state in rats, it should be differentially sensitive to anti-emetic agents. Ondansetron, a 5-HT~3~ receptor antagonist, is one of the principal drugs for preventing chemotherapy-induced nausea and vomiting in both humans^[@cit0036]^ and companion animals,^[@cit0037]^ while promethazine is among the most efficacious treatments for motion sickness and vertigo in humans, dogs and cats.^[@cit0038]^ The pharmacological profile of promethazine is complex, and although its anti-emetic effects in motion sickness are ascribed primarily to antagonism of H~1~ and muscarinic receptors^[@cit0021]^ it also has activity at NMDA,^[@cit0039]^ α-adrenergic,^[@cit0040]^ 5-HT ~2A/C~,^[@cit0040]^ dopamine D~2~^[@cit0042]^ and a number of ligand- and voltage-gated ion channels^[@cit0043]^ the extent to which activity at these other receptors contributed to its effects at the doses used in this study is not possible to assess. Anti-emetic effects of promethazine in experimental animals are well documented, with doses used in different species ranging from 2 to 50 mg/kg.^[@cit0019]^ However, there appears to be no data on the potency of promethazine in rats to prevent CTA or pica, but there is data utilizing compounds with H~1~ and muscarinic receptor antagonist actions to support the involvement of histamine and acetylcholine in central mechanism of motion sickness in rats^[@cit0033]^ as is also the case in humans.^[@cit0021]^ As our principal measure was body temperature, our experimental constraint was that the drugs used in the study should not affect thermoregulation when given alone. Since high doses of promethazine provoke hypothermia in rodents,^[@cit0048]^ in the preliminary experiments we attempted to determine the dose of the drug that had no effect on the body temperature. In accord with the previous study,^[@cit0048]^ we found that at the doses of 50 and 20 mg/kg promethazine provoked significant and prolonged hypothermic effects; an effect that is difficult to explain, since a block of muscarinic receptors at higher doses should produce hyperthermia.^[@cit0049]^ One possible explanation is that promethazine at higher doses produces hypothermia by blocking NMDA receptors,^[@cit0039]^ and interestingly NMDA receptor antagonist also have anti-emetic properties against motion-induced emesis in cats.^[@cit0038]^ For this reason we chose a promethazine dose of 10 mg/kg that had no effect on temperature during the time points selected for comparison (70 min post-injection for rotation and 110 min post-injection for LiCl). Ondansetron alone had no effect on body temperature, in agreement with previous studies.^[@cit0050]^

We found that motion-induced hypothermic responses do not diminish, at least when provocations are presented at 48 h intervals. This allowed a rotational design in the subsequent pharmacological studies. In contrast, substantial blunting of LiCl^−^induced responses necessitated conducting the pharmacological studies in separate groups of animals. Substantial reduction of the hypothermic response to the second presentation of LiCl is probably not surprising. LiCl has been extensively used as an unconditioned stimulus in numerous studies of conditioned taste aversion (e.g.,^[@cit0016]^), and attenuation of conditioned responses by a pre-exposure to LiCl has been reported.^[@cit0052]^

Pathways and pharmacology of the hypothermic responses to motion and lithium chloride {#s0004-0002}
-------------------------------------------------------------------------------------

Vestibular stimulation (rotation in a home cage) is associated with both hypothermia and conditioned taste aversion in rats, with both effects abolished by bilateral vestibular lesion.^[@cit0053]^ The presence of both H~1~ and muscarinic receptors in the medullary vestibular nuclei is well documented (e.g.^[@cit0055]^). In species capable of vomiting, projections from the vestibular nuclei (including via the cerebellum) to the brainstem nucleus tractus solitarius would evoke vomiting while rostral projections to structures including the hypothalamus and limbic system would evoke nausea.^[@cit0022]^ It is the latter pathways that are most likely responsible for the thermoregulatory changes. In humans and cats the emetic effect of motion is unaffected by the 5-HT~3~ receptor antagonists^[@cit0018]^ and this is consistent with the finding in the present study. Promethazine slowed the rate of fall in core temperature induced by motion but the effects on the magnitude of the fall were variable with only a trend toward a reduction. The control studies ([**Fig. 2B**](#f0002){ref-type="fig"}) showed that the hypothermic response to motion itself is consistent within a group and this suggests that the variability in the effect of promethazine may reflect inter-individual differences in sensitivity to the drug itself. In humans, promethazine is effective against motion but is given at doses where in addition to the central H~1~ receptor antagonism it also exerts anti-muscarinic effects.^[@cit0031]^ In the present study the hypothermic effect of promethazine itself was a confounding factor necessitating the selection of a non-hypothermic dose. However, the efficacy in the rat of this dose against the central H~1~ and muscarinic receptors involved in motion sickness is not known and the lack of a fully efficacious dose combined with inter-individual variability in the motion response may account for the variable effects in the hypothermic response.

Systemic lithium chloride activates neurons in the area postrema as demonstrated by c-fos immunohistochemistry in both emetic (e.g., ferret^[@cit0057]^) and non-emetic (e.g. rat^[@cit0024]^) species. In the rat its topical application can produce either an increase or a decrease in discharge of area postrema neurons,^[@cit0026]^ but when given intraperitoneally lithium chloride increased discharge in both vagal and splanchnic visceral afferents.^[@cit0023]^ These observations indicate that lithium chloride could activate the central emetic pathways within the NTS in at least 3 ways which are not mutually exclusive: i) directly in the AP which projects to the NTS; ii) through stimulation of visceral afferent (particularly vagal) projections to the NTS; iii) indirectly via activation of vagal afferents projecting to the AP. Although lesion of the area postrema abolishes both the hypothermic and CTA effects of LiCl in the rat,^[@cit0025]^ this does not allow differentiation of the pathway options by which lithium chloride induced its effects as lesion of the AP may also damage the visceral afferent projections into the subjacent NTS. In addition, LiCl could also stimulate the secretion of an endocrine agent(s), for example from the gut (e.g., cholecystokinin), which could act on the area postrema known to be sensitive to a wide range of endogenous substances.^[@cit0035]^ The pathway from the AP to the NTS does not appear sensitive to blockade by 5-HT~3~ receptor antagonists including ondansetron as the emetic response to apomorphine and loperamide, both of which act via the AP, are unaffected,^[@cit0028]^ and in addition ondansetron was without effect on the CTA produced by lithium chloride, ipecacuanha or cisplatin.^[@cit0061]^ More recent studies showed that while ondansetron did not affect taste avoidance induced by lithium chloride, it did affect the conditioned rejection response implicating 5-HT~3~ receptors in the genesis of the latter, but the site of action is likely to be outside the brainstem, most likely in the insular cortex.^[@cit0008]^ Our working hypothesis for the action of lithium chloride in the present study is that it affected 5-HT3 receptors in the dorsal vagal complex^[@cit0063]^ and/or on the abdominal vagal afferents,^[@cit0010]^ with subsequent activation of the NTS. However, as the 5-HT~3~ receptor is permeable to lithium (and other ions^[@cit0064]^) an effect of lithium via area postrema 5-HT~3~ receptors that could be affected by ondansetron cannot be excluded.

For both lithium chloride and motion it is proposed that the hypothermic response is the result of signaling from the NTS to the hypothalamus and limbic systems via direct and indirect (parabrachial nucleus) pathways. This proposal leads to 2 questions discussed below; i) what is the mechanism responsible for the fall in temperature and; ii) why should core temperature fall when emetic pathways are activated?

Potential mechanisms mediating hypothermic response to emetic stimuli and its biological significance {#s0004-0003}
-----------------------------------------------------------------------------------------------------

Neural pathways that control thermoregulation are relatively well understood, at least in rats^[@cit0065]^; they include peripheral and central thermoreceptors, central integrative network and efferent pathways to thermoeffectors - brown adipose tissue (non-shivering thermogenesis), skeletal muscles (shivering thermogenesis) and cutaneous vasculature (heat dissipation). It is unlikely that emetic stimuli or the drugs employed in this study have any direct effects on the peripheral thermosensors, so they can be excluded as potential targets. The central site that integrates thermoregulatory control is located in the preoptic anterior hypothalamus (POAH)^[@cit0065]^; from there, efferent pathways that regulate non-shivering thermogenesis and cutaneous vascular tone sequentially relay in the dorsomedial hypothalamus, the medullary raphe, the intermedio-lateral column of the spinal cord and in the sympathetic ganglia.^[@cit0065]^ For nausea-related hypothermic responses to occur, it is necessary that one or more of these thermoregulatory nodes is affected by either ascending projection from the NTS or by the output from brain areas responsible for processing, at higher levels, neural signals produced by emetic stimuli.^[@cit0067]^ Providing that nausea-related hypothermia represents a highly coordinated integrative response (see below), it is not unreasonable to suggest that the interaction occurs at the highest level the thermoregulatory hierarchy - in the POAH; this hypothalamic region receives direct projections from the NTS.^[@cit0070]^

In rodents - species that do not possess emetic reflex - hypothermia is a well documented response to toxic substances, including LiCl, morphine, apomorphine, nicotine, alcohol, resiniferatoxin^[@cit0071]^ and copper sulfate (unpublished observation). The adaptive value of this response has been directly confirmed in an animal model of toxic shock where it appeared to be critical for survival,^[@cit0076]^ and it is thus currently accepted that toxin-induced hypothermia is protective in its nature.^[@cit0078]^ Indeed, since the final effect of many toxins is reduced ATP supply, it is advantageous to reduce body metabolism until a toxin is eliminated. It is more difficult to explain *why* hypothermia develops in response to provocative motion. Human studies demonstrated that the hypothermic response to visually-induced motion sickness is the result of the coordinated action of thermoeffectors (reduced metabolic rate, increased heat loss), cognition (altered perception of the ambient temperature) and behavior (preference for a cooler environment) (for review, see Ref. [@cit0001]), and thus appears to be a specific coordinated response. Based on ideas initially proposed by Treisman^[@cit0079]^ and Ossenkopp,^[@cit0053]^ we have suggested the following interpretation^[@cit0001]^: static and dynamic postural stability requires exquisite coordination between visual and vestibular systems; any disruption of this coordination is potentially fatal. During evolution, a defensive response against natural toxins affecting visual/vestibular coordination has developed; it comprises a highly aversive experience (nausea) and protective hypothermia. It now appears that this same response could be triggered if visual/vestibular coordination is disturbed by unusual vestibular or visual stimuli, or their combination. In other words, the brain interprets these provocations as a sign of intoxication, and activates pre-programmed protective hypothermic response.

An alternative possible explanation - that nausea-related hypothermia may be associated with drowsiness/reduced arousal is unlikely, at least for provocative motion. In a study that specifically addressed this question we have demonstrated that during this provocation animals remained awake most of the time.^[@cit0004]^

Conclusions and perspectives {#s0004-0004}
----------------------------

These results are relevant to the neurobiology of nausea in 2 ways. Firstly, our findings further support the proposal that measuring thermal (hypothermic) responses to emetic stimuli might be a fruitful novel approach to detect and quantify a "nausea-like" state in experimental animals. With the exception of a relatively limited number of chemical agents that selectively and directly affect the thermoregulatory pathways, there are only 2 situations when the core body temperature falls: toxic shock and exposure to an excessively cold environment. Those aside, hypothermia appears to be a relatively specific biomarker of a "nausea-like" state. Indeed, it has been shown to be provoked by well established emetic stimuli; it is associated with vomiting in the house musk shrew and with nausea in humans; and, as we show here, the differential pharmacological sensitivity of hypothermia of different origin mirrors similar pharmacological dependence on chemically- *vs*. motion-induced nausea in humans.

Secondly, our study advances identification of the neural substrate of nausea. It now becomes evident that neural pathways responsible for the sensation of nausea (or "nausea-like" states in animals) must either include or directly project to one of only a few brain regions that control thermoeffectors, namely preoptic anterior and dorsomedial hypothalamus or, less likely, the medullary raphe.
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